I N T R O D U C T I O N
In many neurons of the CNS, trains or bursts of action potentials are followed by a prolonged slow afterhyperpolarization (AHP) that, in turn, is an important determinant of subsequent activity (reviewed by Storm 1990; Vogalis et al. 2003) . Although the molecular correlate of the apamin-insensitive Ca 2ϩ -activated K ϩ current that underlies the slow AHP (sI ahp ) remains unknown, it is apparent that it can be modulated by a large number of neurotransmitters and second-messenger systems (reviewed by Vogalis et al. 2003; see also Stocker 2004) . The slow AHP and sI ahp are also sensitive to changes in extracellular pH (pH o ); decreases and increases in pH o inhibit and augment, respectively, sI ahp and the slow AHP, with consequent effects on neuronal excitability (Church 1999; Church and McLennan 1989; Kelly and Church 2004) . Nevertheless, the relative contributions of changes in the priming Ca 2ϩ signal and intracellular pH (pH i ) to the modulation of sI ahp and the slow AHP by changes in pH o remain unclear. Changes in pH o , acting directly or indirectly by changes in pH i (Church et al. 1998; Tombaugh and Somjen 1996, 1997) , could modulate the Ca 2ϩ influx through high-voltage-activated (HVA) Ca 2ϩ channels constituting the primary source of Ca 2ϩ for the activation of the slow AHP in hippocampal neurons (see Shah and Haylett 2000 and references therein). Alternatively, as shown previously for BK-type Ca 2ϩ -activated K ϩ channels that contribute to the fast AHP that follows a single action potential in hippocampal neurons (Church et al. 1998 ; see also Kume et al. 1990; Laurido et al. 1991) , changes in pH i consequent on changes in pH o could affect directly the activities of the Ca 2ϩ -activated K ϩ channels that underlie the slow AHP.
To distinguish between these possibilities, in the present study we developed a technique in which whole cell perforated patch-clamp recordings of the slow AHP in cultured rat hippocampal neurons were obtained simultaneously with microspectrofluorimetric measurements of both intracellular free calcium concentration ([Ca 2ϩ ] i ) and pH i . The results indicate that the slow AHP is sensitive to changes in pH i and suggest that increases in pH i make a major contribution to high pH oinduced increases in the potential. In contrast, a pH o -dependent reduction in Ca 2ϩ influx appears to be the major determinant of the inhibition of the slow AHP observed at low pH o . 5% CO 2 ). Hippocampi were then mechanically dissociated using fire-polished Pasteur pipettes of decreasing tip diameters and the resulting cell suspension was plated at a density of 5-8 ϫ 10 5 neurons/cm 2 onto 15-mm-diameter glass coverslips coated with poly-D-lysine (100 g/ml; Sigma-Aldrich Canada) and laminin (16.7 g/ ml; Sigma-Aldrich Canada). Neurons were allowed to adhere to substrate for 2 h before coverslips were transferred into 12 well plates containing DMEM/F-12 supplemented with 29 mM NaHCO 3 and 10% FBS. After 24 h, the growth medium was fully changed to Neurobasal Medium A (Invitrogen Canada) supplemented with B-27 Supplement (Invitrogen Canada), 0.5 mM glutamine (Invitrogen Canada), 50 -100 U/ml penicillin (Sigma-Aldrich Canada), and 50 -100 g/ml streptomycin (Sigma-Aldrich Canada). Cultures were fed every 3-4 days by half-changing the existing medium with fresh supplemented Neurobasal Medium A. Glial proliferation was inhibited 48 h after initial plating by adding 10 M cytosine-␤-D-arabinofuranoside hydrochloride (Sigma-Aldrich Canada). Each coverslip consisted primarily of hippocampal neurons with a maximum of 15% cells being glial. Neurons were used 7-14 days after plating.
Solutions and chemicals
The standard bath solution contained (in mM) NaCl 135, KCl 3, NaHCO 3 21, MgCl 2 1.5, CaCl 2 4, D-glucose 10, and HEPES 5 (to increase extracellular buffering capacity and maintain a stable pH o ); pH was 7.2 after equilibration with 5% CO 2 -95% air at 30°C. In initial experiments, the bath solution contained 2 mM, rather than 4 mM, CaCl 2 ; although the effects of increases in pH o on the magnitudes of depolarization-evoked [Ca 2ϩ ] i transients and the subsequent slow AHPs were not significantly different at 2 versus 4 mM external Ca 2ϩ (see RESULTS) , the absolute magnitudes of depolarization-evoked [Ca 2ϩ ] i transients (50 Ϯ 5 nM, n ϭ 5) and the subsequent slow AHPs (1.7 Ϯ 0.1 mV, n ϭ 5) at 2 mM external Ca 2ϩ under our experimental conditions (i.e., cultured neurons loaded with fura-2 and SNARF-5F) at pH o 7.2 were small, which effectively precluded the accurate assessment of the inhibitory effects of reductions in pH o/i on the parameters. Therefore we used the approach previously taken by others in hippocampal neurons (e.g., Knöpfel et al. 1990; Segal and Barker 1986) to increase the Ca 2ϩ load by increasing external Ca 2ϩ to 4 mM and conducted all subsequent experiments under these conditions. Low and high pH solutions contained 3 and 39 mM NaHCO 3 (pH 6.5 and 7.5, respectively, after equilibration with 5% CO 2 -95% air); changes in [NaHCO 3 ] were balanced by equimolar changes in [NaCl] . During perfusion with HCO 3 Ϫ /CO 2 -buffered media, the atmosphere in the recording chamber consisted of 5% CO 2 -95% air. For nominally HCO 3 Ϫ /CO 2 -free medium, HEPES (10 mM) and NaCl isosmotically replaced NaHCO 3 and the solution was titrated with 10 M NaOH to pH 7.2 at 30°C. For Ca 2ϩ -free medium, CaCl 2 was omitted, [Mg 2ϩ ] was increased to 5.5 mM, and 200 M EGTA was added. D-(Ϫ)-2-Amino-5-phosphonopentanoic acid (D-AP5; 40 M) and 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX; 20 M) were present in all bath solutions. Neurons were continuously superfused at a rate of 2 ml/min and all experiments were performed at 30°C.
Salts and experimental compounds, applied by superfusion, were obtained from Sigma-Aldrich Canada, with the exceptions of potassium methylsulfate (ICN Pharmaceuticals Canada, Montreal, Canada), the AM forms of fura-2 and seminaphthorhodafluor-5F 5-(and-6)-carboxylic acid (SNARF-5F; Molecular Probes, Eugene, OR), D-AP5 and CNQX (Tocris Bioscience, Ellisville, MO), and UCL 2027 (a generous gift from Drs. C. R. Ganellin and D. G. Haylett, Departments of Chemistry and Pharmacology, respectively, University College London, London, UK).
Microspectrofluorimetry
Concurrent measurements of [Ca 2ϩ ] i and pH i were performed using the ratiometric indicators fura-2 and SNARF-5F, respectively. As detailed by Martínez-Zaguilán et al. (1996b) , the excitation and emission characteristics of fura-2 and SNARF derivatives are sufficiently distinct to permit the accurate discrimination of [Ca 2ϩ ] i -and pH i -dependent signals from dual dye-loaded cells (see also Sheldon et al. 2004a) . Neurons were incubated with 0.5-10 M (see RESULTS) fura-2-AM for 30 min at 32°C in the presence of 0.04% Pluronic F-127; 10 M SNARF-5F-AM was added during the final 10 min of incubation. After loading, coverslips were placed in standard medium for 20 min to ensure deesterification of the fluorophores and then mounted in a temperature-controlled perfusion chamber to form the base of the chamber.
Measurements of bulk cytosolic [Ca 2ϩ ] i and pH i were performed at the somatic level using the dual-excitation and dual-emission ratio methods, respectively, using an imaging system (Atto Bioscience, Rockville, MD) in conjunction with an Axiovert 135 epifluorescence microscope (Carl Zeiss Canada, Don Mills, ON) equipped with two intensified charge-coupled device cameras (Atto Bioscience). A detailed description of the optical equipment used was previously presented (Sheldon et al. 2004a ). In brief, as illustrated in Fig. 1 , fura-2-derived fluorescence emission intensities from regions of interest placed on a patch-clamped neuron and neighboring intact (i.e., not patch-clamped) neurons on the same coverslip were measured with a single camera at 550 Ϯ 40 nm during excitation at 334 Ϯ 5 nm and then at 380 Ϯ 5 nm; the excitation wavelength was then changed to 488 Ϯ 5 nm and SNARF-5F-derived fluorescence emissions were split by a dichroic mirror centered at 605 nm and measured by two separate cameras at 550 Ϯ 40 and 640 Ϯ 20 nm. Camera registration was confirmed before every experiment. Fura-2-and SNARF-5F-derived ratio pairs were collected continuously by alternating between the dual-excitation and dual-emission modes; each automated cycle took about 1.5 s to complete, including a Ͻ0.5-s delay between collecting fura-2-and SNARF-5F-derived ratio pairs, and was repeated every 2-15 s (typically 10 s) during the course of an experiment; during the recording of depolarization-evoked [Ca 2ϩ ] i transients, the acquisition of pH data was interrupted and fura-2-derived ratio pairs only were collected every 0.6 -0.8 s.
A one-point calibration technique was used to convert backgroundcorrected SNARF-5F-derived emission intensity ratio values (BI 550 / BI 640 ) into pH i values, as described (Baxter and Church 1996; Sheldon et al. 2004a) . In brief, neurons loaded with SNARF-5F and fura-2 were exposed at the end of an experiment to a pH 7.00 high-[K ϩ ] solution containing 10 M nigericin and the resulting backgroundcorrected ratio value at pH i 7.00 in a given neuron was used as a normalization factor for the BI 550 /BI 640 ratio values obtained from that neuron during that experiment. SNARF-5F-derived BI 550 /BI 640 ratio values obtained during the one-point calibration procedure were not significantly different in patch-clamped (1.77 Ϯ 0.04 ratio units; n ϭ 6 neurons) versus neighboring intact (i.e., not patch-clamped) neurons on the same coverslips (1.69 Ϯ 0.05 ratio units; n ϭ 6 neuronal populations). The parameters required to convert experimentally derived BI 550 /BI 640 ratio values into pH i values were determined in full calibration experiments in which neurons were exposed to 10 M nigericin-containing high-[K ϩ ] media titrated to pH 5.5-8.5 in 0.5 pH unit increments (see Sheldon et al. 2004a) ; no differences in SNARF-5F calibration parameters were observed between neurons loaded with SNARF-5F alone or coloaded with SNARF-5F and fura-2 (data not shown; see also Sheldon et al. 2004a) .
The parameters required to convert experimentally derived background-corrected fura-2-derived emission intensity ratio values (BI 334 /BI 380 ) into [Ca 2ϩ ] i values were determined in full in situ calibration experiments, as described in detail by Martínez-Zaguilán et al. (1991 , 1996a . In brief, neurons loaded with fura-2 and SNARF-5F were exposed to K ϩ -EGTA/Ca 2ϩ -EGTA buffers containing 10 M 4-BrA23187 and 10 M nigericin at three different pH values (pH 6.5-7.5 in 0.5 pH unit increments) with variable free Ca 2ϩ concentrations (range 0 -500 M). Data from these experiments were used to obtain the calibration parameters that describe the effects of pH on the affinity of fura-2 for Ca 2ϩ (see Martínez-Zaguilán et al. 1991 , 1996a . Subsequently, the steady-state pH i value measured immediately before an evoked [Ca 2ϩ ] i transient was used to correct for the effect of pH on the K d , R min , and R max of fura-2, and [Ca 2ϩ ] i was calculated from the equation
where K d, pH corr is the pH-corrected K d of fura-2 for Ca 2ϩ , R is the experimentally derived background-corrected fura-2 ratio value, and R min, pH corr and R max, pH corr are the minimum and maximum ratio values, respectively, corrected for pH (Martínez-Zaguilán et al. 1991 , 1996a ; see also Church et al. 1998) .
To limit potential cross-contamination by nigericin, perfusion lines were replaced and the imaging chamber was decontaminated after each experiment by soaking first in ethanol, then in 20% Decon 75 (BDH, Toronto, Canada) and rinsing vigorously with water.
Electrophysiology
Because conventional whole cell recordings are associated with a rapid and marked rundown of the slow AHP in cultured hippocampal neurons, we used the amphotericin B perforated patch-clamp technique described by Shah and Haylett (2000) to measure membrane potential (V m ) and the slow AHP in neurons loaded with fura-2 and SNARF-5F. Patch pipettes were pulled from 1.2 mm OD ϫ 0.9 mm ID borosilicate tubing (World Precision Instruments, Sarasota, FL). The first 100-to 200-m section of the pipette tip was filled with a standard solution containing (in mM) KMeSO 4 145, KCl 10, and HEPES 10 (titrated to pH 7.4 with 6 mM KOH) and then backfilled with the same solution but containing 1.2 mg/ml amphotericin B; final osmolality was about 290 mOsm/kg H 2 O and open pipette resistance when filled was 2-5 M⍀. The reference bath electrode was a 3 M KCl, 4% agar bridge. After a seal Ͼ1 G⍀ was achieved, recordings were made (Axoclamp 2 or Axopatch 200B, Axon Instruments, Union City, CA) when access resistance was stable at Ͻ50 M⍀. Current and voltage waveforms were low-pass filtered at 3 kHz and digitized at 5-10 kHz using a Digidata 1322A controlled by pCLAMP software (v.8, Axon Instruments).
During current-clamp recordings, a train of action potentials evoked by 4-ms suprathreshold depolarizing current pulses applied at 33 or 50 Hz (Master-8, A.M.P.I., Jerusalem, Israel) was used to generate a [Ca 2ϩ ] i transient and the subsequent slow AHP; the number of action potentials in the train was held the same under control and test conditions. Under voltage-clamp conditions, a 80-to 200-ms depolarizing voltage step from the holding potential (Ϫ50 mV) to 0 -20 mV was used to elicit a [Ca 2ϩ ] i transient and the subsequent sI ahp ; leakage currents (estimated using 10-mV, 100-ms hyperpolarizing voltage steps from Ϫ50 mV) were subtracted off-line from all records of sI ahp . The criteria for detecting whether perforated patch recordings broke through included a change in the measured access resistance, an increase in the leakage current (which was estimated in all experiments), a sudden loss of fura-2 and SNARF-5F fluorescence from the patched cell, and, finally, a rapid rundown of the slow AHP itself (see Shah and Haylett 2000). . Neurons were excited with light provided by a 100-W Hg lamp and band-pass filtered at 488 Ϯ 5 nm (for SNARF-5F) or alternately at 334 Ϯ 5 and 380 Ϯ 5 nm (for fura-2). Filtered excitation light was reflected by a 505-nm dichroic mirror (Dichroic 1), passed through a ϫ40 LD Achroplan objective, and illuminated neurons loaded with fluorophores. Fura-2 fluorescence emissions passed through Dichroic 1, were reflected by a dichroic mirror centered at 605 nm (Dichroic 2), passed through a 550 Ϯ 40 nm band-pass emission filter, and were detected by Camera 2. Fluorescence emissions from SNARF-5F passed through Dichroic 1, were split by Dichroic 2, and passed through 640 Ϯ 20-or 550 Ϯ 40-nm band-pass emission filters before being detected by Cameras 1 and 2, respectively. After the formation of a G⍀ seal, there was a progressive increase in the magnitudes of the capacitance transients; perforated patch recordings were performed when the access resistance stabilized at Ͻ50 M⍀. Right: phase-contrast photomicrograph of a field of cultured hippocampal neurons; the pyramidal neuron near the center was patch-clamped (the patch pipette is visible). Scale bar: 20 m. Below are shown pseudocolored fluorescence emissions from the neurons coloaded with SNARF-5F and fura-2 and illuminated sequentially at the indicated excitation wavelengths ( ex ). Intensities of emitted fluorescence ( em ) were measured at either 550 or 640 nm. In any given experiment, [ion] i measurements were made from both the patch-clamped neuron and the intact (i.e., not patch-clamped) neighboring neurons on the same coverslip.
Data analysis
The change in pH i evoked by a test maneuver was quantified as the difference between the steady-state pH i value observed under the test condition with the mean of the steady-state pH i values observed just before and, whenever possible, after full recovery from the test condition. In any given patch-clamped neuron, trains of 13 action potentials (see RESULTS) elicited [Ca 2ϩ ] i transients of consistent amplitude, which were quantified as the difference between the BI 334 / BI 380 ratio value (or [Ca 2ϩ ] i ) measured immediately before the train of action potentials and the peak BI 334 /BI 380 ratio value (or peak [Ca 2ϩ ] i ) observed during the transient. In light of the relatively slow rates at which fura-2-derived ratio pairs were acquired, the computed means of two to five [Ca 2ϩ ] i transients obtained before, during, and, whenever possible, after exposure to a test solution were used to quantify the effects of a test maneuver on the amplitudes of depolarization-evoked [Ca 2ϩ ] i transients. Experimentally induced changes in the slow AHP were quantified as the difference between the computed mean of the peak amplitudes of the slow AHPs evoked under a test condition with the mean of the slow AHP amplitudes evoked before and, whenever possible, after recovery from the test condition. If a distinct peak in the slow AHP was observed under control conditions, the amplitudes of the slow AHPs under test/wash conditions were measured at the same time interval after the end of the train of action potentials. If a distinct peak in the slow AHP was not evident under control conditions, slow AHP amplitude was measured 700 ms after the end of the train of action potentials (i.e., at a time point at which the slow AHP is usually near its peak and the medium AHP, if present, has decayed by Ͼ90%; see Kelly and Church 2004; Shah and Haylett 2000) ; measurements of the slow AHP under test/wash conditions were then made at the same time interval. Test measurements were conducted at the original control membrane potential by passing, when necessary, steady current through the recording electrode. Experimentally induced changes in sI ahp were quantified by comparing the peak amplitudes of the current obtained under control/wash and test conditions (see Kelly and Church 2004) .
Data are presented as means Ϯ SE, with the accompanying n value referring to either the number of patch-clamped neurons (each on a different coverslip) or, for neighboring intact (i.e., not patch-clamped) neurons on the same coverslips, the number of coverslips (i.e., neuronal populations) from which data were obtained. Data were analyzed in pCLAMP v.8 or Origin v.7 (OriginLab, Northampton, MA). Unless otherwise noted, statistical comparisons were performed using Student's two-tailed t-test, paired or unpaired as appropriate. In  Figs . 5B, 6B, 8C, and 8D, the Pearson product-moment correlation coefficient was used to determine whether the change in the [Ca 2ϩ ] i transient and/or the change in pH i evoked by a given experimental maneuver was related to the change in the slow AHP, and the significance of the correlation was assessed using the t-test (see Glantz 2002) . In all cases, statistical significance was assumed at the 5% level.
R E S U L T S

Fura-2 loading
Fura-2, a BAPTA derivative, chelates Ca 2ϩ and thereby could modulate the Ca 2ϩ -dependent slow AHP (e.g., Abel et al. 2004; Helmchen et al. 1996; Lancaster and Batchelor 2000; Lasser-Ross et al. 1997) . Initially, therefore, we examined the effects of different concentrations of fura-2-AM in the loading medium on depolarization-evoked [Ca 2ϩ ] i transients and the incidence of the slow AHP under our experimental conditions.
Under control pH o 7.2 HCO 3 Ϫ /CO 2 -buffered conditions in the absence of fluorophores, resting V m was Ϫ60 Ϯ 1 mV, input resistance (R in ) was 488 Ϯ 11 M⍀, and a train of 13 action potentials (see following text) was followed by a slow AHP in 11/20 neurons (Table 1) . A medium AHP was seen in only a minority (4/11) of cells that exhibited a slow AHP (see also Shah and Haylett 2000) and was not further analyzed. Voltage-clamp recordings performed on five neurons that exhibited a slow AHP under current-clamp conditions revealed that a 80-to 200-ms depolarizing step from Ϫ50 to 0 -20 mV elicited an sI ahp Ն40 pA in only 40% of these neurons (currents Ͻ40 pA at pH o 7.2 were considered too small for reliable analysis under our experimental conditions). Although the overall incidence of sI ahp observed here is lower than that reported by Shah and Haylett (2000) , who found that 50 -60% of their cultured hippocampal neurons exhibited a sI ahp Ͼ20 pA, it is consistent with the findings of Alger et al. (1994) in the same cell type. In light of these observations, the majority of subsequent experiments examined the slow AHP under current-clamp conditions.
In 12 of 16 neurons loaded with 2-10 M fura-2-AM, a train of 13 action potentials elicited a transient increase in the fura-2-derived BI 334 /BI 380 ratio value; the remaining cells failed to exhibit an increase in [Ca 2ϩ ] i . Of those cells that displayed a [Ca 2ϩ ] i transient, only 25% exhibited a slow AHP, the peak amplitude of which was significantly smaller than that observed in the absence of fura-2 (Table 1) . In contrast, in each of 14 neurons loaded with 0.5-1 M fura-2-AM, the same stimulus elicited an increase in BI 334 /BI 380 ratio values that was significantly larger than observed in neurons loaded with Ն2 M fura-2-AM, and in 64% of these cells the [Ca 2ϩ ] i transient was followed by a slow AHP that was not significantly different from that observed in the absence of fura-2 (Table 1) . Finally, in 72 cells loaded with Յ1 M fura-2-AM, additional loading with 10-M SNARF-5F-AM failed to significantly affect the amplitude of depolarization-evoked [Ca 2ϩ ] i transients or the incidence and amplitude of the subsequent slow AHP (Table 1) , which remained stable for the duration of the recordings (typically 30 -40 min). Consequently, subsequent experiments were performed in neurons coloaded with 10 M SNARF-5F-AM and Յ1 M fura-2-AM.
Simultaneous measurements of V m , [Ca 2ϩ ] i , and pH i
In 42 neurons loaded with 10 M SNARF-5F-AM and Յ1 M fura-2-AM, resting V m and R in under control pH o 7.2 HCO 3 Ϫ /CO 2 -buffered conditions were Ϫ59 Ϯ 0.3 mV and 474 Ϯ 18 M⍀, respectively (P Ͼ 0.6 in each case, compared with respective values obtained in the absence of fluorophores; see above). Resting pH i in perforated patch-clamped cells (pH i 7.19 Ϯ 0.01; n ϭ 42 neurons) was not significantly different (P Ͼ 0.3) from that measured in neighboring intact (i.e., not patch-clamped) neurons on the same coverslips (pH i 7.23 Ϯ 0.01; n ϭ 42 coverslips) and was consistent with values previously reported in intact cultured fetal (Baxter and Church 1996) and acutely isolated adult (Bevensee et al. 1996; Brett et al. 2002) rat hippocampal neurons in the presence of HCO 3 Ϫ . Also as reported previously for intact hippocampal neurons under HCO 3 Ϫ /CO 2 -buffered conditions (Baxter and Church 1996; Bevensee et al. 1996; Brett et al. 2002; Smith et al. 1998) , the distributions of resting pH i values in both perforated patch-clamped and intact neurons were unimodal, albeit the distribution was slightly skewed in patch-clamped cells ( Fig.  2A) . As illustrated in Fig. 2B , resting fura-2-derived BI 334 / BI 380 ratio values were significantly (P Ͻ 0.05) higher in patch-clamped neurons (0.32 Ϯ 0.01 ratio units; n ϭ 42 neurons) than in neighboring intact neurons on the same coverslips (0.26 Ϯ 0.01 ratio units; n ϭ 42 coverslips), although both values were within the range observed previously in intact cultured hippocampal neurons with our recording system (e.g., Church et al. 1994 Church et al. , 1998 .
Next, given the relative paucity of studies in which the slow AHP has been examined in neurons in primary culture (see Segal and Barker 1986; Shah and Haylett 2000; Shah et al. 2001 ), we performed a limited series of experiments to assess the characteristics of the slow AHP under our experimental conditions. Consistent with previous findings in hippocampal neurons in slices and in culture (e.g., Gerlach et al. 2004; Lancaster and Batchelor 2000; Shah and Haylett 2000; Wu et al. 2004 ; see also Abel et al. 2004) , the peak amplitudes of [Ca 2ϩ ] i transients and the subsequent slow AHPs increased with the number of action potentials in the stimulus train, the latter reaching a maximum in at least nine action potentials (Fig. 3, A and C) ; trains of just subthreshold depolarizations failed to elicit [Ca 2ϩ ] i transients (Fig. 3B) (Fig. 4) . In contrast, 10 M isoproterenol and 5-10 M UCL 2027 (a relatively selective inhibitor of the slow AHP in rat hippocampal neurons; Shah et al. 2001 ) significantly reduced the slow AHP but not the preceding [Ca 2ϩ ] i transient (Fig. 4) .
Effects of a decrease in pH o
Under control pH o 7.2 HCO 3 Ϫ /CO 2 -buffered conditions, resting pH i in intact and perforated patch-clamped neurons loaded with 10 M SNARF-5F and Յ1 M fura-2 was 7.30 Ϯ 0.02 (n ϭ 8 coverslips) and 7.31 Ϯ 0.02 (n ϭ 8 neurons; Fig. 5A ), respectively. In the patch-clamped neurons, resting [Ca 2ϩ ] i was 70 Ϯ 5 nM and a train of 13 action potentials elicited a 120 Ϯ 8 nM increase in [Ca 2ϩ ] i ; the amplitude of the subsequent slow AHP was 4.4 Ϯ 0.2 mV (Fig. 5A) . Reducing pH o from 7.2 to 6.5 produced significant (P Ͼ 0.01 in both cases) reductions in pH i in both patch-clamped cells (to pH i 7.10 Ϯ 0.03; Fig. 5A ) and the neighboring intact cells on the same coverslips (to pH i 7.10 Ϯ 0.04). In agreement with previous findings (Church et al. 1998) , reducing pH o from 7.2 to 6.5 failed to significantly affect resting [Ca 2ϩ ] i (data not shown); in contrast, in the patch-clamped neurons, the peak amplitudes of the [Ca 2ϩ ] i transients and the subsequent slow AHPs declined to 55 Ϯ 3 nM (a 51 Ϯ 2% reduction) and 0.9 Ϯ 0.1 mV (a 79 Ϯ 2% reduction), respectively (P Ͻ 0.01 in both cases, compared with the respective values obtained at pH o 7.2; Fig.  5A ). Recovery of pH i and the amplitudes of the [Ca 2ϩ ] i transients and slow AHPs from the effects of exposure to pH 6.7 medium was slow and usually incomplete. In one cell in which a distinct sI ahp was discernable, the peak amplitude of sI ahp declined by 73%, from 95 pA at pH o 7.2 to 25 pA at pH o 6.5.
The reductions in pH i and the percentage reductions in the peak amplitudes of the [Ca 2ϩ ] i transients observed in patchclamped cells on reducing pH o from 7.2 to 6.5 were then plotted against the percentage reductions in the peak amplitudes of the slow AHPs measured in the same cells (Fig. 5B) . The percentage reduction in the slow AHP at pH o 6.5 was significantly correlated with the percentage reduction in the magnitude of the depolarization-evoked [Ca 2ϩ ] i transient but not with the reduction in pH i (P Ͻ 0.01 and P ϭ 0.17, respectively). The lack of a significant correlation between the reductions in the slow AHP and pH i was maintained when the reduction in pH i was plotted as an increase in [H ϩ ] i or a percentage increase in [H ϩ ] i (not shown; see Fig. 8D ).
Effects of an increase in pH o
Under pH o 7.2 HCO 3 Ϫ /CO 2 -buffered conditions, resting pH i in perforated patch-clamped and intact, unpatched neighboring neurons on the same coverslips was 7.22 Ϯ 0.01 (n ϭ 16 neurons; Fig. 6A ) and 7.24 Ϯ 0.02 (n ϭ 16 coverslips), respectively (P Ͼ 0.2 in both cases, compared with the values observed in the preceding experimental series also at pH o 7.2). In the patch-clamped neurons, resting [Ca 2ϩ ] i was 80 Ϯ 2 nM and a train of 13 action potentials elicited a 94 Ϯ 3 nM increase in [Ca 2ϩ ] i and a subsequent slow AHP, the peak amplitude of which was 3.3 Ϯ 0.1 mV (Fig. 6A) . Increasing pH o from 7.2 to 7.5 significantly (P Ͻ 0.01 in both cases) increased pH i in patch-clamped and intact neurons to 7.34 Ϯ 0.01 (Fig. 6A ) and 7.35 Ϯ 0.02 pH units, respectively. In the patch-clamped neurons, high pH o conditions failed to affect resting [Ca 2ϩ ] i (see also Church et al. 1998 ) but significantly (P Ͻ 0.01 in both cases) increased the peak amplitudes of the [Ca 2ϩ ] i transient to 130 Ϯ 4 nM (a 36 Ϯ 1% increase) and the subsequent slow AHP to 5.3 Ϯ 0.2 mV (a 69 Ϯ 2% increase) (Fig. 6A) slow AHP observed on increasing pH o from 7.2 to 7.5 was insensitive to 100 nM apamin (in three cells, slow AHP amplitude at pH o 7.5 was 5.5 Ϯ 0.6 and 5.5 Ϯ 0.3 mV in the absence and presence of apamin, respectively; P Ͼ 0.9) but declined from 5.5 Ϯ 0.6 to 0.7 Ϯ 0.2 mV (n ϭ 3) in the presence of 10 M isoproterenol (an 87 Ϯ 4% reduction; P Ͻ 0.05; see also Fig. 4C ). In two cells in which a distinct sI ahp was apparent, the peak amplitude of sI ahp increased by 51%, from 52 pA at pH o 7.2 to 79 pA at pH o 7.5 (P Ͻ 0.05).
The percentage increases in the peak amplitudes of [Ca 2ϩ ] i transients and the increases in pH i observed on raising pH o from 7.2 to 7.5 in individual perforated patch-clamped neurons were then plotted against the percentage increases in the peak amplitudes of the slow AHPs measured in the same cells (Fig.  6B) . In contrast to results obtained on reducing pH o to 6.5, the high pH o -induced increase in the peak amplitude of the slow AHP was significantly correlated with the increase in pH i (P Ͻ 0.01) rather than the increase in the peak amplitude of the preceding change pH i at a constant pH o , at above ambient temperature they produce only transient changes in pH i in hippocampal neurons (Bonnet et al. 2000; Church et al. 1998 ). In addition, NH 3 and trimethylamine directly inhibit the slow AHP and sI ahp in rat hippocampal neurons Church 2004, 2005) . In light of these considerations, we used the transition from a nominally HCO 3 Ϫ /CO 2 -free HEPES-buffered medium to a HCO 3 Ϫ /CO 2 -buffered medium (pH o constant at 7.2) to change pH i at a constant pH o . As described by Brett et al. (2002) Ϫ -free to a HCO 3 Ϫ -containing medium (pH o constant at 7.2) caused pH i to decrease in 11 of 13 perforated patch-clamped neurons with high (Ͼ7.14) initial pH i values in HCO 3 Ϫ -free medium (of the remaining neurons, one showed no change and the other a small increase in pH i ) and to increase in three of three neurons with low (Յ7.14) initial pH i values in HCO 3 Ϫ -free medium (Fig. 7) . The addition of HCO 3 Ϫ failed to significantly affect resting [Ca 2ϩ ] i , which was 86 Ϯ 3 nM in the absence and 90 Ϯ 3 nM in the presence of HCO 3 Ϫ (P Ͼ 0.8; see also Ou-Yang et al. 1994a,b) .
As illustrated in Fig. 8, A and B, changes in pH i at a constant pH o produced only minor changes in the peak amplitudes of depolarization-evoked [Ca 2ϩ ] i transients (see also Church et al. 1998 ) but consistently altered the peak amplitudes of the subsequent slow AHPs. When the percentage changes in the peak amplitudes of [Ca 2ϩ ] i transients and the changes in pH i observed in individual neurons on the addition of HCO 3 Ϫ (pH o constant at 7.2) were plotted against the percentage changes in the peak amplitudes of the slow AHPs measured in the same cells (Fig. 8C) , the percentage change in the slow AHP was significantly (P Ͻ 0.01) correlated with the change in pH i but not with the change in the peak amplitude of the preceding [Ca 2ϩ ] i transient (P ϭ 0.59). The same results were obtained FIG. 7 . Changes in pH i evoked by the transition from a HCO 3 Ϫ -free to a HCO 3 Ϫ -containing medium at a constant pH o . Changes in steady-state pH i observed in patch-clamped (•) and neighboring intact neurons on the same coverslips (E) on the transition from a pH 7.2 HCO 3 Ϫ -free medium to a pH 7.2 HCO 3 Ϫ -containing medium are plotted against initial pH i values in HCO 3 Ϫ -free medium. Separate linear least-squares regression fits to the data obtained from patch-clamped and intact neurons were not significantly different (P Ͼ 0.05) and all data points were best fit (r 2 ϭ 0.83) by a single linear least-squares regression fit (solid line) that had a negative slope and an x-intercept at pH i 7.14. Ϫ /CO 2 -buffered conditions. Increasing pH o from 7.2 to 7.5 increased pH i . Peak amplitudes of [Ca 2ϩ ] i transients (evoked by trains of 13 action potentials applied at OE) and the subsequent slow AHPs were increased at pH o 7.5 compared with pH o 7.2. Breaks in the pH i record represent 2-min (at pH o 7.2) and 3-min (at pH o 7.5) pauses in the acquisition of pH i measurements to record the [Ca 2ϩ ] i transients shown in the middle panels. B: percentage increases in the peak amplitudes of [Ca 2ϩ ] i transients (ᮀ) and increases in pH i (•) observed in individual neurons on increasing pH o from 7.2 to 7.5, plotted against percentage increases in the peak amplitudes of the slow AHPs observed in the same cells. High pH o -induced augmentation of the slow AHP was significantly correlated with the increase in pH i but not the increase in the [Ca 2ϩ ] i transient (P Ͻ 0.01 and P ϭ 0.26, respectively, as determined by a t-test of the Pearson product-moment correlation coefficient for each data set). Solid line is a linear least-squares regression fit to the data points (•) relating the percentage increase in the slow AHP to the increase in pH i (r 2 ϭ 0.97).
when the change in pH i was plotted as a change in [H ϩ ] i (not shown) or as a percentage change in [H ϩ ] i (Fig. 8D) . A distinct sI ahp was discernable in one neuron in this experimental series; in this cell, pH i decreased by 0.10 pH units on the addition of HCO 3 Ϫ (pH o constant at 7.2) and the peak amplitude of sI ahp declined by 25%, from 51 pA in the absence of HCO 3 Ϫ to 38 pA in the presence of HCO 3 Ϫ .
D I S C U S S I O N
We developed a technique to measure [Ca 2ϩ ] i , pH i , and V m simultaneously in cultured hippocampal neurons and used it to substantiate and extend previous findings, made on the basis of electrophysiological recordings from CA1 pyramidal neurons in slices (Church 1992 (Church , 1999 Church and McLennan 1989; Kelly and Church 2004) , that the slow AHP is modulated by changes in pH o and pH i . Although changes in pH i at a constant pH o were able to modulate the slow AHP in the absence of marked changes in [Ca 2ϩ ] i transients, inhibition of the slow AHP by decreases in pH o was not dependent on reductions in pH i but rather reflected a low pH o -dependent reduction in the priming Ca 2ϩ signal. In contrast, high pH o -induced increases in the slow AHP appeared to reflect the accompanying increase in pH i rather than an increase in the preceding [Ca 2ϩ ] i transient.
Simultaneous measurements of V m , [Ca 2ϩ ] i , and pH i
Although simultaneous measurements of V m and [Ca 2ϩ ] i (e.g., Abel et al. 2004; Sah and Clements 1999) , V m and pH i (e.g., Trapp et al. 1996; Willoughby and Schwiening 2002) , and pH i and [Ca 2ϩ ] i (e.g., Austin et al. 1996; Martínez-Zaguilán et al. 1991) ] and the roles of both ions in the regulation of cellular excitability. The validity of the technique was attested to by the facts that resting pH i values, the distribution of resting pH i values, and the magnitudes of the changes in pH i evoked by changes in pH o or the addition of external HCO 3 Ϫ in dual dye-loaded patch-clamped cells were in agreement with those obtained in previous studies where pH i alone was measured (e.g., Brett et al. 2002; Sheldon et al. 2004a; Smith et al. 1998 loaded with fura-2 and SNARF-5F corresponded well with those measured previously with fura-2 alone under similar stimulating (trains of action potentials, as opposed to depolarizing voltage steps) and recording (bulk cytosolic measurements at the soma) conditions (e.g., Abel et al. 2004; Church et al. 1994 Church et al. , 1998 Knöpfel et al. 1990; Lancaster and Batchelor 2000; Lee et al. 2005 ). Finally, not only were V m and R in in dual dye-loaded neurons patch-clamped using the perforated patch-clamp technique similar to values measured in unloaded cells but also the pharmacological and other characteristics of the slow AHP in dual dye-loaded neurons were comparable to those observed previously by ourselves (Kelly and Church 2004) and others (e.g., Shah and Haylett 2000; Shah et al. 2001) in the absence of fluorophore(s), provided that fura-2-AM was loaded at Յ1 M.
Effects of changes in pH
Although changes in pH i are known to affect HVA Ca 2ϩ currents in rat hippocampal neurons (Tombaugh and Somjen 1997) , in the present study changes in pH i at a constant pH o modulated the slow AHP in the absence of marked changes in the priming Ca 2ϩ signal. This finding is in agreement with previous conventional sharp microelectrode and whole cell recordings in CA1 neurons in slices (Church 1999; Kelly and Church 2004 ; see also Church et al. 1998) , where reductions in the slow AHP and sI ahp evoked by decreases in pH i at a constant pH o occurred in the absence of significant changes in Ca 2ϩ -dependent depolarizing potentials or I Ca and were significantly attenuated when internal buffering power was raised by the inclusion of high concentrations of H ϩ buffers in the recording electrode. Also in support of pH i being an important modulator of the slow AHP is the observation that high pH o -induced increases in the potential were correlated with the accompanying increases in pH i but not the accompanying increases in [Ca 2ϩ ] i transients. This result is also entirely consistent with previous conventional whole cell recordings from CA1 neurons in slices (Kelly and Church 2004) , where in addition it was found that the effects of high pH o to augment the slow AHP and sI ahp were significantly attenuated by increasing internal H ϩ buffering capacity in the absence of any change in the preceding Ca 2ϩ potentials. The apparent dissociation between the priming Ca 2ϩ signal and the magnitude of the slow AHP when pH i is changed at a constant pH o could reflect the effects of changes in pH i on the slow AHP and, possibly, other K ϩ conductances (see Church et al. 1998 ) that, in turn, would act to offset any direct effect of changes in pH i on Ca 2ϩ influx, resulting in little net effect on the magnitude of [Ca 2ϩ ] i transients. Alternatively, the relatively small changes in pH i used in the present experiments may have been insufficient to appreciably affect the activities of the L-and N-type HVA Ca 2ϩ channels that in large part mediate depolarization-evoked increases in [Ca 2ϩ ] i and the subsequent activation of the slow AHP in rat hippocampal neurons (see Borde et al. 2000; Church et al. 1994 Church et al. , 1998 Kelly and Church 2004; Shah and Haylett 2000; Tanabe et al. 1998 ). Importantly, L-and N-type Ca 2ϩ channels in rat hippocampal neurons exhibit similar sensitivities to changes in pH o and pH i (Church et al. 1998; Tombaugh and Somjen 1996, 1997) , indicating that the lack of correlation between the amplitude of depolarization-evoked [Ca 2ϩ ] i transients and the slow AHP when pH o is increased or when pH i is changed at a constant pH o is unlikely to reflect the possibility that changes in pH might be affecting Ca 2ϩ entry through a Ca 2ϩ channel subtype that does not contribute to the activation of the slow AHP.
In agreement with previous reports (e.g., Church 1999; Church et al. 1998; Ou-Yang et al. 1994a) , decreasing pH o from 7.2 to 6.5 decreased pH i , reduced the magnitude of depolarization-evoked [Ca 2ϩ ] i transients, and inhibited the subsequent slow AHPs. In contrast to results obtained at pH o 7.5, however, the decrease in the slow AHP at pH o 6.5 was correlated with a low pH o -dependent decrease in the priming Ca 2ϩ signal rather than a low pH o -induced decrease in pH i . This observation parallels previous findings in conventional whole cell patch-clamped CA1 neurons in slices (Kelly and Church 2004) , where low pH o -induced reductions in the slow AHP and sI ahp were accompanied by decreases in depolarization-evoked Ca 2ϩ -dependent potentials and I Ca , and were not significantly affected by increasing internal H ϩ buffering capacity.
The differences between the mechanisms by which reductions and increases in pH o modulate the slow AHP may be explained by a number of factors. For example, the marked decrease in [Ca 2ϩ ] i transients observed at pH o 6.5, which is consistent with the pKs for the effects of pH o on L-and N-type HVA Ca 2ϩ currents and depolarization-evoked [Ca 2ϩ ] i transients in rat hippocampal neurons (pH o 7.1-7.2; Church et al. 1998; Tombaugh and Somjen 1996) , may have reduced the slow AHP to such an extent that modest decreases in pH i consequent on decreases in pH o failed to exert an additional inhibitory effect. In contrast, the augmented slow AHP at pH o 7.5 occurred despite the likelihood that the underlying channels were already saturated with Ca 2ϩ (see Abel et al. 2004; Gerlach et al. 2004; Shah and Haylett 2000) . Although this is consistent with the possibility that internal protons modulate the slow AHP by an allosteric site on the channel complex (see Laurido et al. 1991) , the possibility remains that protons may compete with Ca 2ϩ ions at regulatory binding sites to modulate channel activity (see Church et al. 1998; Copello et al. 1991; Kume et al. 1990; Peitersen et al. 2006) . Because microdomains of [Ca 2ϩ ] i and/or pH i in the immediate vicinity of the channels underlying the slow AHP may differ from values measured in bulk cytoplasm (e.g., Ro and Carson 2004; Vaughan-Jones et al. 2006; Willoughby and Schwiening 2002; Willoughby et al. 2005) , simultaneous near-membrane [Ca 2ϩ ] i and pH i measurements may help shed further light on the relationships between Ca 2ϩ and H ϩ in the regulation of the slow AHP. Nevertheless, it must be noted that the mechanism(s) whereby Ca 2ϩ activates the channels underlying the slow AHP remain unknown (cf. BK-and SK-type Ca 2ϩ -activated K ϩ channels; see Sah and Faber 2002; Stocker 2004; Vogalis et al. 2003) and, consistent with a role for a cytoplasmic intermediate between Ca 2ϩ and the gating of the channels underlying the slow AHP, activation of the slow AHP has been reported to require elevations in bulk cytosolic [Ca 2ϩ ] rather than at the membrane (Abel et al. 2004 ; see also Lasser-Ross et al. 1997; Lee et al. 2005) . Kinetic studies at the singlechannel level will be required to determine the precise mechanism(s) whereby protons interact with Ca 2ϩ ions to modulate the slow AHP.
We did not address the possibilities that changes in pH o might act directly on the channels underlying the slow AHP or that changes in pH o and/or pH i might affect processes downstream from Ca 2ϩ influx that could potentially modulate the magnitude of the Ca 2ϩ signal responsible for their activation. Nevertheless, changes in pH o fail to affect the unitary properties of BK-, IK-, or SK-type Ca 2ϩ -activated K ϩ channels in a variety of cell types (Church et al. 1998; Jäger and Grissmer 2004; Kume et al. 1990; Pedersen et al. 2000) and, in the present study (see also Kelly and Church 2004) , pH o -induced changes in the slow AHP were never observed in the absence of parallel changes in the magnitude of [Ca 2ϩ ] i transients. In addition, although changes in pH i can affect Ca 2ϩ handling by intracellular stores, internal Ca 2ϩ buffering, and the activities of [Ca 2ϩ ] i extrusion mechanisms (e.g., Hoyt and Reynolds 1998; Ou-Yang et al. 1994b; Thomas 2002; Zucker 1981) , the relatively modest changes in pH o and/or pH i used here (also Church et al. 1998) were not associated with marked changes in resting [Ca 2ϩ ] i or the generation of depolarization-independent [Ca 2ϩ ] i transients, and changing pH i at a constant pH o failed to significantly affect the magnitude of depolarizationevoked [Ca 2ϩ ] i transients.
Functional implications
In summary, simultaneous measurements of [Ca 2ϩ ] i , pH i , and V m indicate that changes in pH o modulate the slow AHP in rat hippocampal neurons in a manner that depends on the direction of the pH o change; moderate reductions in pH o inhibit the slow AHP primarily by reducing Ca 2ϩ influx, whereas moderate increases in pH o augment the slow AHP primarily through an increase in pH i . In addition, changes in pH i at a constant pH o modulate the slow AHP independent from changes in the priming Ca 2ϩ signal, further supporting a role for pH i in the regulation of the slow AHP.
The sensitivity of the slow AHP to the changes in pH o and pH i used here, which are within the pathophysiological range seen in vivo (see Chesler 2003) , may have a number of implications for neuronal function. Reductions in pH, for example, may contribute to the inhibition of the slow AHP observed during oxygen deprivation (Kulik et al. 2002) and, if pronounced, may in this way promote neuronal injury. Conversely, an increase in the slow AHP may help to limit the increases in neuronal excitability and epileptiform activity observed during increases in pH (Balestrino and Somjen 1988; Church and McLennan 1989; also Kelly and Church, unpublished observations) , especially if Ca 2ϩ influx is increased to such an extent that the underlying channels become saturated (see Canepari et al. 2000; Sinha et al. 1995) . The present results also raise the possibility that activity-induced reductions in pH o/i could limit the potential therapeutic effects of agents designed to enhance the slow AHP, and it will be important to assess whether such agents, like the neuronal SK channel enhancer EBIO (Peitersen et al. 2006 ; see also Pedarzani et al. 2005) , retain their ability to augment the slow AHP at the low pH values associated with pathological events such as ischemia. 
